Tic is added as an alloying agent to Nd2Fel4B (2-14-1) system to both alter the solidification behavior of the melt and to act as pinning sites to control grain growth. The addition of Tic to 2-14-1 results in a factor of three reduction of the quench rate required to produce amorphous material. In addition, the crystallization temperature of the glass is enhanced leading to enhanced nucleation and finer grain size during crystallization. Tic additions to the stochiometric melt affect the range of primary solidification of the 2-14-1 phase. When TIC is added to the limit of its liquid solubility, the primary solidification range is move further from the stochiometric compositon to the Nd rich region.
Introduction

S*:T,
In is bulk permanent magnets, the level of hard magnetic properties that is actually achieved strongly dependent on the microstructure. Many researchers have worked on the microstructure property relationships in the Nd2Fel4B (2-14-1) system, but the approach has been to analyze the microstructure of materials which have been shown to have good magnetic properties. In this paper we will report on the the effect of TIC alloy additions on the metallurgical properties of the 2-14-1 system. The microstructure which is obtained under a given set of processing conditions is highly dependent on the solidification behavior of the alloy as well as grain growth phenomena. Alloy additions which affect the solidification behavior of the melt and then form precipitates which pin --. grain boundaries and therefor control grain size should be valuable in producing the uniform microstructure required for good magnetic properties. A number of refractory metal carbides perform both of these functions.
In a series of recent publications [ 1, 2, 3, 4, 5, 6] it has been demonstrated that the addition of refractory metal carbides [5] , and in particular TIC, to a 2-14-1 melt results in significant changes in the solidification and crystallization behavior of the melt without changing the intrinsic properties of the hard magnetic phase[ 11. From studies of arc-melted ingots [2] and from studying overquenched melt-spun ribbons, the solubility limit of Ti with C in the liquid phase was found to be between 4 and 6 at% Ti + C. In alloys containing additional amounts of Ti and C, primary Tic precipitates are found to form in the liquid. The solubility of Ti and C in the 2-14-1 glassy phase was found to equal the liquid solubility.
The measured value of nonequilibrium solubility was found to be cooling rate dependent.
In arc-melted ingots, the observed solubility is less than that achieved in the melt-spun ribbons, which is consistent with the multiphase microstructure and the lower cooling rate.
The affect of T i c during solidification were studied using Differential Scanning Enhanced GFA was concurrent with intrinsic changes in the glass. The crystallization temperature of the 2-14-1 phase was increased by TIC dissolution. The increased crystallization temperature led to an increased transformation rate because of the __ Arrehnius temperature dependence of nucleation rate. The increase in crystallization temperature, reduction of magnetic moment, and decrease in Tc are consistent with a reduction in free volume. Changes in the structural short range order by titanium and carbon dissolution increase the stability of the glass. This means that less undercooling (Tm-Tg) is required to prevent crystallization and a glass will form.
From studies of melt-spun ribbons and arc-melted ingots, the equilibrium solubility of Ti with C in the 2-14-1 phase is found to be very low (<= 0.06 wt% Ti). When the Tic glass is crystallized, the precipitation of the refractory metal carbide from the glass results in both more uniform nucleation when crystallizing a glass precursor and better stability of the magnetic properties during anneals above the plastic deformation temperature.
which should relax the processing conditions for densification of the materials. The enhanced high temperature stability of the microstructure of the 2-14-1 material results froin the grain boundary pinning effects of precipitates. To effectively prevent grain growth, a fine dispersion of precipitates must be formed since the maximum pinning force for grain boundaries from precipilates increases as the volume fraction of precipitates increases and as the size of the precipitates decreases. [7] . In order to effectively restrict grain growth, a stable dispersion of many fine precipitates must be formed. The elements making up the precipitates should have significant solubility in the liquid phase. This may allow the elements to be retained in the solid during solidification. Once the solubility limit of the liquid phase has been exceeded, primary precipitates will form. Titanium carbide represents an exemplary addition which allows the extrinsic properties of the 2-14-1 phase to be altered and improved while the excellent intrinsic properties of the 2-14-1 phase are maintained
Given that T i c significantly affects the solidification of the 2-14-1 phase when added to the stochiometric compound, it seems reasonable to investigate the immediate area in the ---phase diagram, and in particular what is the effect of the additions on the limits of primary solidification of the 2-14-1 phase. Commercially, the limit of primary solidification of the 2-14-1 phase is of considerable importance since it determines how close to stochiometry it is practical to manufacture magnets.
Experimental Procedure
In order to obtain a quantitative measurement of the amount of free Fe formed during solidification, magnetization versus temperature measurements of as solidified samples were performed from room temperature to 800 "C in a vibrating sample magnetometer.
The magnetization of the sample above the Curie temperature of the 2-14-1 phase provides a accurate measure of the free Fe formation provided that a representative sample is measured. If a large sample is prepared, the phase segregation on solidification may make this difficult. On the other hand, the weighing errors associated with making individual samples small enough to fit the entire sample in the VSM furnace would probably negate the result. To overcome this difficulty, master alloys at the ends of the ' I composition range of interest were melt spun and ground into powder in a glove box.
The intermediate compositions were then prepared by blending the two powders and pressing a small pellet which was subsequently arc melted. The as quenched samples were then measured in the VSM. The alloys were prepared with a constant 2 Nd:IB ratio to correspond to the standard psuedobinary cut through the ternary phase diagram.
Results
The magnetization versus temperature curves in a field of IT for both the TIC (Fig 2A) and conventional alloy (Fig 2B) clearly show the formation of free Fe at higher Fe concentration. Moreover since the measurement is quantitative, the limit of the primary ---solidification region of the 2-14-1 phase may be accurately-determined by extrapolating the Fe concentration to zero. In Figure 3 , the magnetization at 1T and 500°C is plotted versus the Nd:Fe ratio. For the conventional alloy, the limit is in reasonable agreement with previous results [8] . For the Tic addition, the limit of primary solidification of the 2-14-1 phase is pushed to higher Nd:Fe ratio. Ignoring the TIC, that limit is at 78at% iron as compared to80 at% for the conventional material. From this data it would appear that any benefits with respect to refining the microstructure of a cast ingot will be offset by the necessity to enrich the Nd concentration of the ingot resulting in more Nd rich material on the grain boundary. The total fraction of 2-14-1 is thus reduced not only by the Tic but also by the Nd rich phase which has the additional problem of increasing the susceptibility to corrosion. Thus it would appear that Tic additions are probably not beneficial in producing magnets by the cast and crush route.
Summary
While Tic additions to Nd-Fe-B melts have been found to have a number of positive effects when magnets are produced by rapid solidification. The addition of Tic shifts the region of primary solidification of the 2-14-1 phase to higher Nd concentrations. This suggests that these additions are not desirable for magnets produced by the cast and crush method. 
